Abstract. As one of the most aggressive types of tumor, pancreatic cancer is a principal cause of tumor-associated mortality. Negative associations between microRNA-29 (miR-29) and DNA methyltransferases (DNMT) 3a and 3b have been demonstrated to be associated with the carcinogenesis of a number of types of cancer; however, this has not been completely elucidated in pancreatic cancer. In the present study, pancreatic cancer tissues (n=15) and corresponding paracancerous tissues (n=15) were obtained and the results of reverse transcription-quantitative polymerase chain reaction analysis indicated decreased expression of miR-29b and enhanced mRNA expression of DNMT3b in pancreatic cancer tissues, compared with the corresponding paracancerous tissues. Increased protein expression of DNMT3b was demonstrated by western blotting and immunohistochemistry. In addition, the negative association between miR-29b and DNMT3b was noted in pancreatic cancer tissues, and luciferase reporter assays confirmed that miR-29b was able to directly target DNMT3b in vitro. Notably, miR-29b overexpression was able to decrease cell viability and to promote the apoptosis by targeting DNMT3b, and the knockdown of DNMT3b exhibited consistent results in vitro and in vivo. The results of the present study suggested that miR-29b, as a tumor suppressor, may be a novel target for the development of treatments for pancreatic cancer.
Introduction
As one of the most malignant types of human tumor, pancreatic cancer has been regarded as the fourth leading cause of cancer-induced mortality, due to the difficulty of diagnosis at the early stages and resistance to current treatment strategies, including radiotherapy and chemotherapy (e.g., gemcitabine and erlotinib). Although improvements have been made in the treatment and understanding of carcinogenesis, the overall survival of patients with pancreatic cancer has not notably altered and the 5-year survival rate remains <5% (1) (2) (3) (4) . Therefore, research is required to identify novel therapeutic strategies and potential targets for pancreatic cancer treatment.
Epigenetic modifications have been demonstrated to serve a role in carcinogenesis (5) . The predominant epigenetic modification in mammals is DNA methylation. DNA methyltransferase (DNMT) enzymes 1, 3a and 3b catalyze the addition of a methyl group to the 5' position of cytosine on DNA to regulate gene expression. It has been hypothesized that DNMT1 is primarily associated with maintenance of an established DNA methylation pattern and methylates newly-biosynthesized DNA, while DNMT3a and DNMT3b exhibit efficient de novo methylation activity (6) . The expression levels of DNMTs have been demonstrated to be increased in a number of malignancies, including colon cancer (7), prostate cancer (8) , breast cancer (9), leukemia (10) and pancreatic cancer (11) , which contributes to the hyper-methylation of promoter CpG-rich regions of tumor suppressor genes. Wnt inhibitory factor-1 (WIF-1), as a tumor suppressor, may antagonize Wnt/β-catenin signaling; however, it was demonstrated to be silenced by overexpressed DNMT3a and DNMT3b-induced promoter hypermethylation in non-small cell lung cancer (12) . In addition, patients with increased expression of DNMT3b exhibited a decreased rate of complete remission, and shorter disease-free and overall survival in cytogenetically normal-acute myeloid leukemia (CN-AML); therefore, DNMT3b may be a prognostic factor for CN-AML (13) . However, the regulatory mechanisms of DNMTs in pancreatic cancer require further elucidation.
MicroRNAs (miRNAs) are endogenous small (19) (20) (21) (22) (23) (24) (25) (14) . miRNAs have been demonstrated to be associated with numerous cellular functions, including the immune response, carcinogenesis and resistance to chemotherapy or radiotherapy, and are frequently aberrantly expressed in various types of tumor (15) . A number of miRNAs are able to target epigenetic regulators, including DNMTs. miRNA (miR)-148a/152 has been reported to target DNMT1 in pancreatic cancer, gastric cancer and hepatic carcinoma (16) . The miR-29 family was observed to target DNMT3a and DNMT3b in multiple myeloma (MM) (17) , AML (18) and lung cancer (19) . Amodio et al (17) reported that the overexpression of synthetic miR-29b mimics was able to decrease global DNA methylation by targeting DNMT3a and DNMT3b in MM cells, and to markedly increase the growth inhibitory and cell cycle arresting effects of the demethylating agent 5-azacitidine. However, little is known about the expression of miR-29b and the association between miR-29b and DNMT3b in pancreatic cancer tissues.
In the present study, the cell line PANC-1 was selected due to its wide applications in numerous areas of research into pancreatic cancer, including cytotoxicity (20) , confocal imaging analysis (21) , cellular communication and in vivo analysis (22) . In the present study, it was observed that the expression of miR-29b was decreased and the mRNA expression of DNMT3b was increased in pancreatic cancer. It was noted that there existed a negative association between miR-29b and DNMT3b in pancreatic cancer tissues. In vitro, the overexpression of miR-29b inhibited the expression of DNMT3b by directly targeting the 3'-UTR of DNMT3b, and decreased the cell viability and promoted apoptosis. In addition, the knockdown of DNMT3b exhibited similar results and led to limited tumor growth in vivo, which demonstrated the potential of miR-29b as a candidate epi-therapeutic target in pancreatic cancer.
Materials and methods
Cell culture, tissue collection and reagents. The pancreatic cancer PANC-1 cell line was purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (both from Thermo Fisher Scientific, Inc., Waltham, MA, USA), ampicillin and streptomycin at 37˚C with 5% CO 2 . Pancreatic cancer tissues (n=15) and corresponding paracancerous tissues (n=15) were obtained from Yantai Yuhuangding Hospital (Yantai, China). All samples were collected between August 2015 and March 2016. A total of 6 female and 9 male patients were included (age range, 42-60 years). All diagnoses with primary pancreatic cancer were confirmed using hematoxylin and eosin staining assessed by experienced pathologists. No patients underwent preoperative chemotherapy and/or radiotherapy. Patients diagnosed with autoimmune or other malignant diseases, and pregnant or lactating individuals, were excluded from the experimental group. The present study was approved by the Ethics Committee of Yantai Yuhuangding Hospital, and informed written consent was obtained from all patients.
miR-29b mimics and inhibitors were purchased from Guangzhou RiboBio Co., Ltd. (Guangzhou, China). The sequences of the oligonucleotides used were as follows: miR-29b mimic, 5'-UAG CAC CAU UUG AAA UCA GUG UU-3' , 5'-UAG CAC CAU UUG AAA UCA GUG UU-3' and 5'-AUC GUG GUA AAC UUU AGU CAC UU-3'; miR-29b inhibitor, 5'-AAC ACU GAU UUC AAA UGG UGC UA-3' . Reporter plasmids containing the full-length 3'-UTR (wild-type or mutant) of DNMT3b mRNA, and the overexpressed plasmid pcDNA3.1-DNMT3b were obtained from Shanghai GenePharma Co., Ltd. (Shanghai, China). Small interfering RNA (siRNA) targeting DNMT3b (5'-UUG UUG UUG GCA ACA UCU GAA-3') or control (5'-CAG AUG UUG CCA ACA ACA AGA-3') was purchased from Guangzhou RiboBio Co., Ltd. Anti-DNMT3b (cat. no. 67259S) and GAPDH (cat. no. 2118S) antibodies were obtained from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Immunohistochemistry. The expression of DNMT3b was analyzed immunohistochemically using 2-µm-thick, formalin-fixed and paraffin-embedded specimen sections. Slides were incubated in three washes of xylene for 5 min each, followed by two washes of 100% ethanol for 10 min, 95% ethanol for 10 min and ddH 2 O for 5 min. Antigen retrieval was performed by boiling in pH 9.0, 10 mM Tris/1 mM EDTA, blocking with 3% hydrogen peroxide for 10 min at room temperature and washing. The slides were incubated with anti-DNMT3b antibody (1:100 dilution) at 4˚C overnight. The EnVision Detection System kit (Dako; Agilent Technologies, Inc., Santa Clara, CA, USA) was used to visualize the 3,3'-diaminobenzidine chromogen (room temperature for 20 min), followed by nuclear staining using hematoxylin solution (0.2%) at room temperature for 5 min. Neutral gum was used to cover the slides and they were dried at room temperature. Staining was visualized under an Olympus optical microscope (Olympus Corporation, Tokyo, Japan). Staining intensity and extent were graded to evaluate DNMT3b expression. Staining intensity was graded as following: Negative (score 0); weak (score 1); and strong (score 3). Staining extent was graded as following: Negative (score 0), ≤25% (the percentage of high-staining cells in the field); score 1, 25-50%; and score 2, ≤50% (score 3). The total score >4 was regarded as a high expression of DNMT3b.
Cell transfection. According to the manufacturer's instructions, 3x10 5 PANC-1 cells were seeded on a 6-well plate and transfected with miR-29b mimics or inhibitors, siRNA-DNMT3b, or pcDNA3.1-DNMT3B and its negative control at a concentration of 100 nM using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), and cultured for 24, 48 and 72 h at 37˚C.
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA from tissues or PANC-1 cells was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). First Stand cDNA was synthesized using Bestar™ qPCR RT kit (DBI-2220; DBI Bioscience, Shanghai, China). The mixture was maintained at 37˚C for 15 min. qPCR was performed on cDNA using Bestar qPCR master mix SYBR Green (DBI-2043; DBI Bioscience). Bio-Rad iQ5 was used to detect the mRNA expression of genes. Thermocycling conditions were as follows: Pre-denaturation at 95˚C for 2 min, denaturation at 95˚C for 20 sec and annealing at 58˚C for 20 sec for 40 cycles. The relative expression was calculated according to the 2 -ΔΔCq method (23) . The expression levels of DNMT3b were normalized to the gene expression of GAPDH. The primers are presented in Table I .
Cell Counting assay. After transfection for 24, 48 and 72 h, PANC-1 cells were harvested and washed with PBS, and the CCK-8 reagent (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) mixed with DMEM was used for the cell viability assay. The absorbance was measured at 450 nm using a microplate reader.
Hoechst staining assay. PANC-1 cells transfected with miR-29b mimics or inhibitors, or siRNA-DNMT3b, were cultured at 37˚C for 24 h and stained with the addition of 0.1 µg/ml Hoechst 33342 (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) to the culture medium. Fluorescence microscopy (Olympus IX71; Olympus Corporation) with a filter for Hoechst 33342 (365 nm) was used to detect the alterations in nuclear morphology.
Flow cytometry assay. For the apoptosis analysis, the cells were fixed in cold 70% ethanol at -20˚C for 2 h. Cells were subsequently treated with 10 mg/ml RNase and stained with 5 µl (250 µg/ml) Annexin V mixed with 5 µl (1 µg/ml) propidium iodide (PI; eBioscience; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions, and quantified by flow cytometry using a FACSCalibur instrument (BD Biosciences, Franklin Lakes, NJ, USA). The data were analyzed using FlowJo software version 10 (FlowJo LLC, Ashland, OR, USA). Cells positive for Annexin V and PI were considered as apoptotic cells.
Western blotting. Cells for western blotting were collected and total protein was isolated from the cell samples using radioimmunoprecipitation assay lysis buffer (Thermo Fisher Scientific, Inc.). Western blot analysis was performed as previously described (18) .
Prediction of miRNA and dual luciferase reporter assay. The gene DNMT3B was predicted to be targeted by miR-29b using miRWalk (www.umm.uni-heidelberg.de/apps/zmf/mirwalk). Comparative analysis was performed using three independent prediction programs (miRecords, mirecords.biolead. org; miRGator, genome.ewha.ac.kr/miRGator/miRGator. html; miRGen, www.diana.pcbi.upenn.edu/miRGen.html) to confirm the accuracy of the prediction. The 3'-UTR of DNMT3B contained the potential target sites of miR-29b, which were conserved among mammals.
The construction of a 3'-UTR-luciferase vector was performed. The genomic DNA was extracted from PANC-1 cells using GenElute Mammalian Genomic DNA Miniprep kit (Sigma-Aldrich; Merck KGaA). A fragment of the DNMT3B mRNA-3'-UTR was amplified using PrimeSTAR HS DNA Polymerase (Takara Biotechnology Co., Ltd., Dalian, China) with the following primers: XhoI forward, 5'-CCG CTC GAG AGG GAC AGA CAT ACA TT-3'; NotI reverse, 5'-ATA AGA ATG CGG CCG CCC CAT ATT TGT TAC GTC-3'. The thermocycling conditions were as follows: Denaturation at 94˚C for 30 sec, annealing at 58˚C for 30 sec and elongation at 72˚C for 45 sec for a total of 20 cycles. The PCR products were purified using a QIAquick Gel Extraction kit (Qiagen Sciences, Inc., Frederick, MD, USA). The purified PCR product was digested by NotI (Takara Biotechnology Co., Ltd.) and XhoI (Takara Biotechnology Co., Ltd.) and cloned into psiCHECK-2 Luciferase vector (Promega Corporation, Madison, WI, USA) downstream of the firefly luciferase gene to construct the 3'UTR luciferase vector of DNMT3B using T4 DNA ligase (Takara Biotechnology Co., Ltd.). According to the manufacturer's instructions, the luciferase reporter assay was performed using the Dual-Luciferase ® Reporter Assay system (cat. no. E1910; Promega Corporation). The luciferase activity was detected 48 h following transfection using a Turner 20/20 luminometer (Turner BioSystems, Sunnyvale, CA, USA). The firefly luciferase activity in each sample was normalized to Renilla luciferase.
Tumor model. In order to investigate the tumor suppressive role of siRNA-DNMT3b in vivo, 18 male BALB/c-nu/nu T cell-deficient mice (age, 5-6 weeks; weight, 20±2 g) were purchased from Changzhou Cavens Laboratory Animal Co., Ltd. (Changzhou, China) and were divided into 3 groups (n=6 mice/group). Mice were maintained in specific pathogen-free conditions under 12-h light/dark cycles, at a temperature of 20-22˚C and provided with sterilized water and food ad libitum. A total of 3x10 6 PANC-1 cells were subcutaneously injected into the rear flank of nude mice (6 mice/group). The siRNA-DNMT3b or negative control siRNA (10 nmol) were purchased from Guangzhou RiboBio Co., Ltd. and were delivered via intratumoral injection 6 times, 3 days apart, after the volume of the tumors had reached 1 cm and miR-29b. All of the experiments were performed ≥3 times. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-29b is negatively correlated with DNMT3b in pancreatic cancer tissues.
In the present study, pancreatic cancer tissues (n=15) and corresponding paracancerous tissues (n=15) were subjected to RT-qPCR analysis. The results demonstrated that the expression of miR-29b was significantly decreased in pancreatic cancer tissues compared with the corresponding non-neoplastic tissues (Fig. 1A) and that the mRNA expression level of DNMT3b was upregulated during carcinogenesis (Fig. 1B) .
The correlation between the expression of miR-29b and DNMT3b in pancreatic cancer tissues was analyzed, and it was observed that an increased level of DNMT3b was associated with a decreased level of miR-29b, and vice versa (Fig. 1C) , indicating that DNMT3b was negatively associated with miR-29b in pancreatic cancer and that the increased protein expression of DNMT3b in pancreatic cancer may contribute to the decreased expression of miR-29b.
In order to further investigate the association between miR-29b and DNMT3b, the protein level of DNMT3b was determined. Immunohistochemistry of DNMT3b demonstrated consistent results, in that pancreatic cancer tissues exhibited increased expression of DNMT3b compared with corresponding non-neoplastic tissues (Fig. 1D) . Western blot analysis was performed and it was confirmed that the protein level of DNMT3b was increased in pancreatic cancer tissues (Fig. 1E) .
miR-29b may directly target and inhibit the expression of DNMT3b.
The negative association between miR-29b and DNMT3b suggested that miR-29b may directly target the DNMT3b genes. Therefore, the pancreatic cancer PANC-1 cell line was induced to express miR-29b mimics or inhibitors in vitro, (Fig. 2) and PCR was used to validate the transfection efficiency (Fig. 2C) . The present results demonstrated that the mRNA and protein levels of DNMT3b were significantly decreased by the miR-29b mimics and increased by the miR-29b inhibitors ( Fig. 2A and B) . The predicted genes that may be targeted by miR-29b were screened using miRWalk. Comparative analysis was performed using three independent prediction programs to confirm the accuracy of the prediction. It was observed that the 3'-UTR of DNMT3b contained miR-29b potential target sites (Fig. 2D) . In order to confirm the association, a luciferase reporter assay was conducted using a vector containing the full-length 3'-UTR (wild-type or mutant) of DNMT3b mRNA in the PANC-1 cell line, and the results demonstrated that miR-29b mimics were able to significantly decrease the luciferase activity of wild-type DNMT3b-3'UTR, but not the mutant DNMT3b-3'UTR (Fig. 2E) . The results of the present study demonstrated that DNMT3b may be directly targeted by miR-29b in pancreatic cancer. 
Overexpression of miR-29b impairs the cell vitality and promotes the apoptosis.
Since the enhanced expressions of DNMT3 were previously reported to promote carcinogenesis, which may be impaired by miR-29b, the present study investigated the potential therapeutic effect of miR-29b in pancreatic cancer. PANC-1 cells were transfected with miR-29b mimics or inhibitors for 24, 48 and 72 h, and cell viability was measured using a CCK-8 assay. The results indicated that the overexpression of miR-29b mimics decreased the viability of PANC-1 cells at 72 h (Fig. 3A) . In addition, the apoptosis of PANC-1 cells was analyzed, and it was observed that an increased rate of apoptosis was induced by the overexpression of miR-29b mimics; conversely, the miR-29b inhibitors or negative control protected the cells from apoptosis ( Fig. 3B and C) . The results of Hoechst staining indicated that miR-29b mimics were able to markedly increase apoptosis, suggesting that miR-29b may be a tumor suppressor in pancreatic cancer (Fig. 3D) .
DNMT3b is able to reverse miR-29b-induced apoptosis and decreased cell vitality.
Firstly, the mRNA expression of DNMT3b in cells transfected with siRNA or DNMT3b overexpressed plasmid were detected using qRT-PCR (Fig. 4A) .
The negative association between miR-29b and DNMT3b in pancreatic cancer indicated that downregulation of DNMT3b produced results consistent with the overexpression of miR-29b. DNMT3b was overexpressed in PANC-1 cells transfected with miR-29b mimics and it was observed that the overexpression of DNMT3b inhibited the decrease in cell viability of the PANC-1 cells (Fig. 4B ) and the increased apoptosis induced by miR-29b (Fig. 4C and D) . Conversely, knockdown of DNMT3b reversed this effect (Fig. 4A-C) . Hoechst staining indicated that DNMT3b was able to reverse the miR-29b-induced decrease in viability and increase in apoptosis (Fig. 4E) .
Knockdown of DNMT3b inhibits tumor progression.
The role of siRNA-DNMT3b in pancreatic cancer was investigated in vitro and in vivo. PANC-1 cells were transfected with siRNA-DNMT3b or negative control for 24, 48 and 72 h, and cell viability was measured using a CCK-8 assay. It was observed that knockdown of DNMT3b using siRNA significantly decreased the viability of PANC-1 cells at 48 and 72 h (Fig. 5A) , which was consistent with the effects of miR-29b overexpression detailed above. The apoptosis of PANC-1 cells was observed to be increased by overexpression of siRNA-DNMT3b, and not the negative control ( Fig. 5B and C) . Hoechst staining indicated that siRNA-DNMT3b was able to markedly increase the apoptosis of PANC-1 cells (Fig. 5D) . The results in vivo additionally indicated that the knockdown of DNMT3b inhibited tumor growth with decreased tumor volume compared with NC siRNA (Fig. 5E and F) . The results of the present study demonstrated that overexpression of miR-29b mimics or the knockdown of DNMT3b may be of benefit in the treatment of pancreatic cancer.
Discussion
Pancreatic cancer, particularly pancreatic ductal adenocarcinoma (PDAC), is the fourth most common cause of cancer-associated mortality in the western world. The majority of cases are discovered and diagnosed at advanced stages. Local or regional recurrence rates for patients who have undergone surgical treatment may be as high as 60% (24) . Resistance to numerous chemotherapy drug or radiotherapy for the treatment of advanced pancreatic cancer is a concern for patients, with these treatments exhibiting limited benefit for disease progression and survival (25) . The present study investigated the role of miR-29b in pancreatic cancer and observed that DNMT3b, which has been reported to be associated with carcinogenesis, may be directly targeted by miR-29b and impair its function. Additionally, miR-29b was able to inhibit the viability of pancreatic cancer cells and promote apoptosis via DNMT3b, suggesting that miR-29b may act as a tumor suppressor in pancreatic cancer.
As the most widely studied epigenetic modification in mammals, DNMTs catalyze the addition of a methyl group at the 5-position of DNA cytosine and is important for fundamental processes, including embryonic development or differentiation, and immune balance; however, the aberrant expression or dysfunction of DNMTs has been identified to be involved in a number of pathologies, including carcinoma (6). The mRNA or protein expression of DNMT1, DNMT3a and DNMT3b is reportedly elevated in different types of malignancy, including pancreatic cancer (8) , prostate cancer (26) , breast cancer (9) and lymphoma (27) . Patra et al (8) utilized immunohistochemical analyses, and demonstrated increased expression of DNMT1 in prostate cancer cell lines and cancer tissues, compared with a benign prostate epithelial cell line and benign prostatic hyperplasia tissues. In pancreatic cancer, Zhang et al (28) reported that the mRNA expression of the three DNMTs in patients with pancreatic cancer increased with the progression of carcinoma, and that patients with increased expression of DNMT3a and DNMT3b, and not DNMT1, exhibited increased tumor size and shorter overall survival times compared with those with lower levels of expression. The protein expression of DNMTs in pancreatic cancer has additionally been studied. Gao et al (11) observed co-expression of DNMT3a and DNMT3b in 23.9 and 77.3% of PDAC tissues, respectively, and demonstrated that the positive DNMT1 expression was correlated with poor overall survival. The results of the present study confirmed that the expression of DNMT3b was upregulated in pancreatic cancer, which was consistent with previous studies.
miRNAs are endogenous small non-coding RNAs (~22 nucleotides in length) with the capacity to regulate gene expression post-transcriptionally by binding to the 3'-UTR of target mRNAs. The miRNA-29 family, including miR-29a, miR-29b and miR-29c, was recently reported to be aberrantly expressed in a number of types of cancer (29) . miR-29b is known for its role as a tumor suppressor (30) . miR-29 may exert demethylation effects by directly targeting DNMT3a, DNMT3b, methylcytosine dioxygenase TET1 and thymine DNA glycosylase, which contributes to a decreased global level of DNA methylation in a number of tumor suppressors, including WIF-1, p15
INK4b and estrogen receptor, and inhibits the progression of acute myeloid leukemia (12, 18) . The results of the present study indicated that miR-29b was downregulated in pancreatic cancer and, as a tumor suppressor, directly targeted DNMT3b; overexpression of miR-29b was able to markedly inhibit the cell viability of the pancreatic cancer PANC-1 cell line and promoted apoptosis, whereas DNMT3b was able to protect the tumor cells from miR-29b-induced apoptosis. In addition, it was observed that the knockdown of DNMT3b restricted tumor growth in vivo.
However, miR-29b has been demonstrated in previous studies to be a tumor promoter. Wang et al (25) reported that metastatic breast cancer cells and tissues exhibited increased miR-29b expression compared with low-metastasis breast cancer cells and tissues. Overexpression of miR-29b expression was demonstrated to promote cell migration, invasion and apoptotic resistance, through direct repression of phosphatase and tensin homolog expression in breast cancer cells, indicating that the different function of miR-29b may be associated with its targets in distinct types of cancer and cell types (25) .
In conclusion, the present study investigated the role of miR-29b in pancreatic cancer, and demonstrated that it was downregulated in pancreatic cancer tissues and enhanced the expression of DNMT3b by targeting its 3'-UTR. Overexpression of miR-29b mimics markedly inhibited cell viability and promoted apoptosis in the pancreatic cancer PANC-1 cell line via the inhibition of DNMT3b. The results of the present study indicated that miR-29b in pancreatic cancer may be a tumor suppressor, to be utilized as a potential therapeutic agent by targeting DNMT3b.
